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INTRODUCTION
The first isolation of a thermophilic bacterium
was done by Miquel in 1879 (l),

Since this time much

work has been done in studying these bacteria which have
been isolated from many sources in nature,

Thermophiles

are bacteria which grow at much higher temperatures
(about 55°-80°) than mesophiles which grow at more
moderate temperatures (about 20°-45°).
Three major theories have been proposed to account
for the phenomenon of thermophily.

The first of these

theories developed by Gaughran (1), considers thermophily
to be due to the presence of heat stable lipids.

The

second theoryt proposed by Allen (2), views thermophily
as a system characterized by rapid rates of synthesis
and degradation.

The third theory ascribes thermophily

to physical-chemical differences between the macromolecules
of the thermophiles and those of the mesophiles.
The last theory has received most support thus far.
The evidence comes largely from recent comparative studies
of proteins and ribonucleic acids (RNA) from thermophilic
and mesophilic bacteria.

Unusual thermal stability of

cytoplasmic proteins from thermophilic organisms has been
reported by Koffler (3),
Bacillus coagulans

The

q( -amylase

isolated from

grown at 55° showed greater heat

stability than the same enzyme isolated from £. coagulans
ii
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grown

at 37®,

Other studies have lent support to the theory that
inherent physical chemical differences lead to thermal
stability in thermophilic organisms.

Glyceraldehyde

3-phosphate dehydrogenase (4,5), aspartokinase (6 ),
pyrimidine nucleoside phosphorylase (7), deoxyribonucleic
acid dependent RNA polymerase (8 ), and peptidase (9)
from Bacillus stearothermophllus showed high degrees of
thermal stability, as did an alkaline protease from a
thermophilic Clostridium (10) and proteolytic enzymes
from thermophilic actinomycetes (11).
Thermal stability has also been reported for
purified amino acid polymerization factors from £.
stearothermophllus (12).

A marked difference in the

heat stability of flagella from thermophilic and mesophilic bacteria was demonstrated by Stenesh and
Koffler (13).
In our laboratory, Stenesh, Roe, and Snyder (14)
have shown that deoxyribonucleic acid (DNA) from thermo
philic strains was more heat stable and had a higher
guanine plus cytosine (G+C) content than the DNA from
mesophilic strains of Bacillus. Similar results were
obtained from a study of the ribosomal ribonucleic acid
(RNA) of the above strains of Bacillus (15).

The

ribosomes, isolated from the thermophilic strains, were
also more heat stable than the ribosomes from the
iii
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mesophilic strains.

The higher optimum temperature of

the in vi tro protein synthesizing system from a thermoph.ile
has been demonstrated and compared to that of a mesophile (16)
The lipid content of six strains of Bacillus has been
studied and the thermophilic strains showed a different
fatty acid distribution from the mesophillc ones (17),
The original work on DNA polymerase from Escherichia
goli was performed in Kornberg's laboratory (18).
Subsequently this enzyme was isolated from £. subtilis (19),
Micrococcus luteus (20), bacteriophage infected E. coli (21),
human liver cells (22), tumor cells (23), and chloroplasts (24)
The DNA polymerases isolated from these sources have
many properties in common0

They all catalyze the incorp

oration of deoxynucleoside triphosphates into a polymer
which resembles the template DNA, the latter being a
requirement for the reaction.

The incorporation always

involves a mononucleotide, never a di- or oligonucleotide.
This monomucleotide is a deoxyribonucleoside 5 '-triphos
phate.

Chain elongation occurs by nucleophilic attack of

the 3 '-hydroxyl end of the DNA chain on the nucleotidyl
phosphorus, with the elimination of inorganic pyrophosphate,
and synthesis proceeds in the 5' to 3' direction.

There

is an absolute requirement for DNA template and this
determines the nucleotide sequence in the product.
such a template no DNA synthesis occurs.

Without

There is also

an absolute requirement for the four deoxynucleoside
iv
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5'-triphosphates and for a divalent cation.

The four

deoxynucleotise 5'-triphosphates arei
deoxyadenosine triphosphate (dATP)
deoxyguanosine triphosphate (dGTP)
deoxycytidine triphosphate (dCTP)
deoxythymidine triphosphate (dTTP)
The assembly of the nucleotides, as directed by the
template, is determined by the Watson-Crick basepairing of adenine with thymine and guanine with cytosine.
Errors in copying the template are very infrequent.
The effect of different temperatures on the reaction
catalyzed by the DNA polymerases previously isolated
has not beenstudied, as these enzymes are
whenheated to

inactivated

65° for 5 minutes (25).

The present work deals with the effects of temper
ature on the reading of the genetic code as studied
by means of the reaction catalyzed by DNA polymerase.
This enzyme has been isolated from two strains of
Baci1Ins. one of which is a mesophile and the other is
a thermophile.

The properties of the two enzymes in

cluding purity, optimum reaction conditions, and nature of
the synthesized DNA, have been studied.
DNA is found in all biological systems with the
exception of certain viruses and is largely confined to
the cell nuclei where it is present in association with
certain proteins.

DNA is the fundamental carrier of

genetic information for all living systems (excluding
certain RNA containing viruses), and as such it
v
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determines the primary structure of proteins.

This is

achieved by first transcribing the nucleotide sequences
of the DNA into nucleotide sequences of messenger RNA's
(a copying process).

These messenger RNA's then direct

the assembly of amino acids into proteins by a process
whereby the nucleotide sequences of the messenger RNA's
are translated into amino acid sequences of proteins.
The primary structure of DNA consists of a chain
of deoxyribose molecules joined via 3'-5' phosphodiester
linkages.

Nitrogenous bases are attached at the 1'

position of the sugar.

The major bases are adenine (A),

guanine (G)# cytosine (C), and thymine (T),

Three

minor bases contained in some DNA's are 5-methylcytosine,
6 -methylamino purine, and 5-hydroxymethylcytosine.

The

complete DNA molecule is made up of two such chains which
form a double alpha-helix0

In this structure every A

is paired to every T (and vice versa) by two hydrogen
bonds, and every C is paired to every G (and vice versa)
by three hydrogen bonds.

The two chains are therefore

known as complementary strands.
This double helix has a radius of 10 A, and every
turn in the helix corresponds to a distance of 34 A along
the axis of the helix.

The molecular weight of the DNA

varies widely depending upon the isolation procedure,
but it is generally in the order of several millions.
The DNA polymerase used in the present study was
vi
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isolated by modifications of the methods of Kornberg (19)
and Litman (20),

Specific activity, disc gel electro

phoresis and absence of certain known contaminating
enzymes were used to assess the purity of the enzyme
preparation.

The optimal conditions for its activities

were determined by varying pH, Mg+^ concentration, DNA
concentration, DNase concentration and temperature.
The nearest neighbor frequency analysis (26) of
the synthesized DNA was determined over a range of
temperatures for both enzymes.
several purposes.

These experiments had

First, it was of interest to determine

the nearest neighbor frequency analysis for the mesophilic
and thermophilic DNA.

It had previously been shown (14)

that the G plus C content of the mesophilic DNA differs
from that of the thermophilic DNA,

If there are regions

in the thermophilic DNA which have a higher concentration
of G and C as compared to the mesophilic DNA, this could
partially explain the thermal stability (14) of the
thermophilic DNA,
Second, the only reported nearest neighbor frequency
determinations have been done at 37° using £. coli DNA
polymerase (26, 27, 28).

By doing our experiments using

both the thermophilic and mesophilic DNA polymerase to
replicate both DNA's, it was possible for us to study the
effect of temperature on transcription of the genetic
code.

It might be possible that the transcription of

a particular DNA by the same enzyme, but at different
vii
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temperatures might lead to an altered nearest neighbor
frequency.

viii
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MATERIALS AND METHODS

Organisms
One mesophilic and one thermophilic strain of the
genus Bacillus were used in this study.

The mesophilic

strain was £. licheniformis (NRS 243) and the thermophilic
strain was £. stgarothennophilua 10 •
Isolation of DNA
The DNA used in this study was isolated as previously
described (14).

The procedure used was that of Marmur (29)

except that the isopropanol step was omitted.

The pro

cedure was interrupted here and the DNA lyophilized and
stored at -20° * Subsequently, the DNA was further
purified by dissolving it in 1 M NaCl and subjecting it
to a three-fold precipitation with 0,55 M cetyl trimethylammonium bromide according to Jones (30).

This removed

polyribonucleotides and polysaccharides much as the
isopropanol step did in the procedure of Marmur.

The

final product was dialyzed for 24 hours versus water at
4°, lyophilized and stored at -20° • The purity of the
DNA was essentially the same for both strainsi protein
contamination amounted to about 2% and RNA contamination
was about 3% in terms of ribose determined by the orcinol
reaction. The DNA's isolated in this manner have been
1
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2

fully characterized as to base composition, percent
denaturation, thermal stability and molecular weight (14),
Reagents
Isolation of DNA«

Standard saline-EDTA (0,15 M NaCl,
0.1 M EDTA pH 8,0)
Standard saline citrate (0,15 M
NaCl, 0,015 M trisodium citrate
pH 7.0)
Dilute saline citrate (0,015 M
NaCl, 0,0015 M trisodium
citrate pH 7.0)
Concentrated saline citrate (1,5 M
NaCl, 0,15 M trisodium citrate
pH 7.0)
Sodium lauryl sulfate, 25%
Sodium perchlorate, 5 M
Chloroform-isoamyl alcohol,
24il (v/v)
Ethanol, 95%
Ribonuciease A (Sigma type XI-A)
NaCl, 2 M
Hexadecyltrimethyl ammonium
bromide, 2% and 3% (w/v)

Protein Determination!

Na COa (2% in 0.1 N NaOH)
CUSO4 • 5 Hao, 1%
Na-K Tartrate, 2%
Phenol reagent, 1 N (Fisher
Scientific Co.)
Bovine serum albumin (Worthington)

RNA Determination!

FeCl8 (0,1% in concentrated HCl)
Orcinol in 95% ethanol (100 mg/ml)
Ribose (Sigma)

DNA Determination!

Diphenylamine (1 g/lOOml glacial
acetic acid containing 2.75 ml
concentrated H 3SO4 )
Deoxyadenosine (Sigma)

Phosphorus Deter
mination!

H 2SO4 , 5 N
HNO3 , 2 N
Reducing agent, 0,25 g/lOml of
0,2 g l-amino-2 -naphthol4 -sulfonic acid
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1.2 g
1.2 g
Ammonium
Standard

Fermentor*

Isolation of DNA
Polymerasei

Assay for DNA
Polymerasei

sodium bisulfite
sodium sulfite^
molybdate, 2,5%
KH2PO4

Yeast extract (Difco)
Trypticase (B.B.L.)
Silicone antifoam SAG 471
(Union Carbide)
Iris (0,01 M) containing 0,01 M
Mg(OAc)o * 4 H^O and 0,06 M
NH4 C1 (pH 7.4)
Glycylglycine buffer pH 7,0
0,05 M containing 0,002 MEDTA
Glutathione, 0,002 M
Potassium phosphate buffer pH 7,4,
0,3 M, containing 0,002 M EDTA
and 0,01 M 2 -mercaptoethanol
Potassium phosphate buffers pH 6 ,8 ,
(10 mM), containing NaCl 0,0 M,
0.4 M, 0,7 M and 20% glycerol
(v/v)
Potassium phosphate buffer pH 6,8
10 mM, containing 20% glycerol
(v/v)
Dextran, 20% (w/w)
Polyethylene glycol, 30% (w/w)
Ammonium sulfate (solid, enzyme
grade)
Cellex N-l nonionic cellulose
(Bio-Rad)
Calf thymus DNA (Worthington)
Pancreatic deoxyribonuclease
(Worthington)
NaCl, solid and 1 mM
HC1 (Baker)
Sephadex G-25
BaCl2 , 1 N
Tris-maleic acid-KOH buffer pH 8 ,6 ,
0,4 M MgCl2 , 0,1 M
Pancreatic DNase (Worthington)
®H-dATP Na salt (Nuclear, Chicago)
DNA, 1 mg/ml (activated,calf thymus)
dATP, dGTP, dCTP, dTTP, Na salt
(Sigma)
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Assay for Endo
nuclease!

Disc Gel
Electrophoresis!

Assay for Exonucleasei

Tris buffer pH 7.5 (0,3 M)
MgCl2 , 0.03 M
Calf thymus DNA, 1 mg/ml (Worth
ington)
Perchloric acid, 0.5 N
Standard pancreatic DNase (Worth
ington)
Stock Solutions (Canal Industrial
Corp.)
A. 48 ml 1 N HC1, 36.3 g
2 -amino-2 hydroxymethyl
1-3 propanediol (AHP) and
0,23 ml N, N, N \ N'Tetramethylethylene-diamine (TED)
diluted to 100 ml with water
(pH 8 .8-9.0)
B. 48 ml 1 N HC1, 5.98 g AHP and
0.46 ml TED diluted to 100 ml
with water (pH 6 .6 -6 .8 )
C. 28 g acrylamide and 0,735 g
N,N'-methylenebisacrylamide
(MBA) diluted to 100 ml with
water
D. 10 g acrylamide and 2,5 g
MBA diluted to 100 ml with
water
E. 4.0 mg riboflavin/100 ml
water
F. 40% sucrose (w/v)
G. 0,14% ammonium persulphate
H. 0,025 M Tris buffer contain
ing 0.2 M glycine (pH 8 .2-8.4)
I. 0,5% aniline black in 7% acetic
acid (specimen stain)
J, 0,005% bromphenol blue (track
ing dye)
K, Column coating solution
L. 7% acetic acid
Glycine buffer pH 9.2, (0,2 M)
MgCl2 , 0.02 M
2-mercaptoethanol, 0,003 M
Calf thymus DNA, i mg/ml (Worth
ington)
Perchloric acid, 0,5 N
Standard pancreatic DNase (Worth
ington)
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Preparation of
Activated DNAi

Nearest Neighbor
Frequency Analysis«

Radioactive
Measurements»

Notei

DNA, 2 mg/ml in 1 mM NaCl
Tris buffer, 0.1 M pH 7.5,
containing 1 mg/ml bovine
serum albumin
MgCl2 * 0.01 M
Pancreatic DNase (Worthington)
Perchloric acid, 1 N
NaOH, 0.2 N
NaOH, 0.1 N
Tris buffer, 0.2 M pH 8.6
MgCl2 , 0.1 M
Norit suspension, 20% by packed
volume, aqueous
Ethanoli 50%, containing 0.3 ml
concentrated NH4OH/IOO ml
Ammonium formate buffer, 0.05 M
pH 3.5
HC1, 0.01 N
dATP-P33, dGTP-P33, dCTP-P33,
dTTE-P33, (ICN)
dATP, dGTP, dCTP, dTTP (Sigma)
Micrococcal Nuclease (Worthington)
Calf spleen phosphodiestrase
(Worthington and Sigma)
£. coll alkaline phosphatase
(Worthington)
Bovine serum albumin 1 mg/ml
Ammonium sulfate, saturated
Sodium acetate, 1 M
Isopropanol (distilled)
Isobutyric acid
Ammonium hydroxide
1,4-Dioxane, certified (Fisher)
Naphthaline flakes resublimed
(Baker and Adamson)
Spectrafluor-PPO-POPOP (Amersham/
Searle)

3 times distilled water was used for all

solutions) in some cases the water was also sterilized.
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Apparatus

All spectrophotometric measurements were made in
a Zeiss model PMQ-II spectrophotometer except those
related to the nearest neighbor frequence analysis
(Cary model 14) , and those related to the growth of
bacteria (Bausch and Lomb Spectronic 20),
Radioactivity was measured with a Nuclear Chicago
Mark I-liquid scintillation counter using low-potassium
glass vials.
Centrifugations were done in a refrigerated Sorvall
model # RC-2 or a Sorvall model # SS-3 in the cold (4°),
Eppendorf pipets (Brinkman) were used in all assays,
A "Mineralight" Model R-51 ultraviolet lamp (Ultraviolet
Products, Inc., San Gabriel, Calif,) was used to prepare
the DNA-cellulose column and to view the ultraviolet
absorbing material on both paper and thin layer
chromatograms.

Paper chromatography was carried out in

a square glass jar (60x30x30 cm), paper electrophoresis
in a high voltage apparatus (Savant, flat plate model
#FP-22), and thin layer chromatography (TLC) in a
rectangular glass jar (30x25x10 cm),

A Canalco model #6

was used for disc gel electrophoresis and a Diaflo-ultra
filtration cell (Amicon model #10-PA) was used for enzyme
concentration.
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Spectrophotometric Determinations

Ero.tsin
Protein was determined using the method of Lowry
et al.(31), with the Folin-Ciocalteu reagent and bovine
serum albumin (BSA) as a standard.
Na2C03 (50 ml of a 2% solution in 0.1 N NaOH) was
mixed with 0,5 ml of 1% CuSO^ • 5H2O and 0,5 ml of 2%
Na-K Tartrate.

One ml of this reagent was then mixed

with 0.2 ml of a sample and allowed to stand for 10
minutes at room temperature.

Folin-Ciocalteu reagent

(0.1 ml) was added, and immediately mixed on a vortex
mixer.

The resulting solution was kept at room temper

ature for 30 minutes.
The absorbance of each solution was then read in the
Zeiss spectrophotometer at 750 mu versus water.

A buffer

blank was prepared concurrently with the samples, and its
absorbance was subtracted from that of the samples.

The

concentration of each solution was determined by comparison
of the corrected absorbance with a standard BSA curve.
RNA
RNA was determined using the orcinol reaction for .
pentose sugar (32),

Three ml of 0.1% FeCl3 in HC1 was

combined with 3 ml of sample followed by the addition of
0.3 ml of orcinol solution (100 mg/ml 95% ethanol). The
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reaction tubes were heated for 40 minutes in boiling
water.

After cooling to room temperature the absorbance

was read in the Zeiss at 670 mu and 580 mu.

A H2O blank

was run concurrently and subtracted from the sample
readings.

To minimize glucose interference the absorbance

at 580 mu was subtracted from the absorbance at 670 mu.
The concentration of each solution was determined by
comparison of the corrected absorbance with a standard
ribose curve,

jm
DNA was determined using the diphenylamine reaction
(33) for purine bound deoxynucleosides using deoxyadenosine
as a standard.

Four ml of diphenylamine reagent (prepared

by dissolving 1 g of diphenylamine in 100 ml of glacial
acetic acid and adding 2,75 ml of concentrated sulfuric
acid)

were combined with 2 ml of sample.

The resulting

reaction mixture was heated for 10 minutes in boiling
water.

After cooling to room temperature the absorbance

of each solution was read in the Zeiss at 595 mu and
650 mu.

A water blank was used to correct the absorbance

reading and the absorbance at 650 mu was subtracted from
that at 595 mu.

The concentration of each solution was

determined by comparison of the corrected absorbance
with a standard deoxyadenosine curve.

By knowing the

base compositions of the various DNA*s. it was possible
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to conve t the ug of purine bound deoxyribonucleosides to
ug of DNA,
Several other methods were employed to determine
DNA concentration.

Spirin (34) has demonstrated that by

measuring the absorbance at 270 mu and 290 mu the concen
tration of nucleic acid phosphorus in ug/ml can be obtained.
OD270 ” C®290
ug of nucleic acid phosphorus = ---------------- --0.19
The ug of DNA can then be easily calculated by
knowing the weight percent of phosphorus in nucleic acid
(10.4%).
In addition, Sinsheimer (35) has shown that by multi
plying the absorbance at 260 mu by 0,04 one can obtain the
DNA concentration in mg/ml.
Tsanev and Mariov (36) have used the absorbance
at 268 mu and 284 mu to determine DNA concentration in
terms of nucleic acid phosphorus.
mg of nucleic acid phosphorus = K«DNA (OD268“0D2g4)l0“^
The constant K»DNA is 800 and the mg of phosphorus can
be converted to ug of DNA using the weight percent of
phosphorus in nucleic acid.

Phosphorus
Phosphorus was determined by the method of Fiske
and Subbarow (37) using l-amino-2naphthol-4-sulfonic
acid, sodium bisulfite, and sodium sulfite as a reducing
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agent•
To 1 ml of sample (0-30 ug of phosphorus), 1 ml
of 5 N I^SO^ was added and the solution was heated in a
test tube until thick white fumes evolved.

One drop

of 2 N HNOg was added and the digestion was repeated.
Cooling to room temperature was followed by the addition
of 1 ml of water.
for 5 minutes.

The solution was then boiled in water

After cooling as before, 1 ml of 2.5%

ammonium molybdate, 0,1 ml of reducing agent and 7.5 ml
of water were added with mixing.

The absorbance of each

solution was read at 660 mu and corrected for a water
blank.

The phosphorus concentration was obtained from

a standard curve.
Desalting on Sephadex G-25
Dry sephadex G-25 (35 g) was allowed to swell
for 1 hour in 10 mM potassium phosphate buffer (pH 6 .8 )
containing 20% glycerol and 0,1 mM Mg+2,

The suspension

was poured into a column (2.5 cm diameter) to a height
of 25 cm and washed with 100 ml of buffer.

The flow

rate for packing and desalting was set at 2 to 3 ml per
minute.

After washing, 10 ml of Fraction VII was

carefully applied and washed through with additional
buffer.

Fractions (6 ml) were collected.

Each fraction

was assayed for DNA polymerase activity by the standard
assay and for ammonium sulfate by placing 100 ml of each
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fraction into 2 ml of 1 N BaC^.

A white precipitate

was taken as indicative of the presence of ammonium
sulfate in a fraction.
Concentration of Enzyme
Several methods were attempted for concentrating
the purified enzyme (Fraction VIII).

In the Diaflow

membrane filtration method a protein solution was placed
inside a cylinder and a piston forced the solution through
a semipermeable membrane.

The pore size of the membrane

was such that all substances with a molecular weight less
than 10,000 would pass through.

Thus, the buffer was

forced through the membrane while the protein remained
in the cylinder.

This method allowed the concentration

of 15 ml of enzyme solution approximately 10 fold with
a 100% recovery of enzyme activity and protein.

Prior to

use the membrane was soaked in three changes of 300 ml
of twice distilled water for 12 hours.
The method of Flodin, Gelotte, and Porath (38)
was employed for concentration of protein with dry sephadex
G-25.

Gel and purified enzyme (Fraction VIII) were mixed,

allowed to stand at 4° for 30 minutes and centrifuged
at 1500 RPM in a double centrifuge tube for 10 minutes.
This resulted in a separation of the gel and nonabsorbed
solution.

However, because of the high viscosity of the

enzyme solution (which contained 20% glycerol) a
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quantitative recovery of enzyme could not be obtained.
A third method of concentration was attempted by
dialysis versus 10 mM potassium phosphate buffer (pH 6 .8 )
containing 50% glycerol (v/v) .

The use of this method

was discarded however, because it was not as rapid as
the other two methods and also did not give reproducible
results.
Preparation of DNA-cellulose
Cellex N-l (15 g) was washed by stirring it for 10
minutes in 300 ml of 1 N HC1, filtered on Whatman No. 1
paper in a buchner funnel, and rinsed thereon with water.
The cellulose was then stirred with another 200 ml of
1 N HC1 for 10 minutes, again filtered and washed ex
haustively with water (about 1 liter) until no trace of
acid remained and finally spread out in a petrie dish to
dry overnight at room temperature.
Acid-washed cellulose (3.5 g) was mixed with 2,5
ml of calf thymus DNA (2 mg/ml of 1 mM NaCl),

The two

were kneaded together with a spatula to achieve adequate
mixing, spread thinly over the surface of two petrie
dishes, and allowed to dry overnight at room temperature.
The material was then scraped from the petrie dishes
and suspended by stirring for 15 minutes in 80 ml of
absolute ethanol.

The alcohol suspension was placed

under the low pressure mercury lamp at a distance of
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about 10 cm from the surface of the alcohol and exposed
to 15 minutes of irradiation, with continuous slow
stirring.

The alcohol was removed by filtration on

Whatman No. 1 paper using a buchner funnel, and the
DNA-cellulose was washed three times by stirring in
200 ml of 1 mM NaCl for 10 minutes followed by filtration,
and finally spread out to dry in a vacuum desiccator.
The DNA-cellulose contained 30 umoles of deoxynucleotide
per gram of cellulose, which was similar to that obtained
by Litman (20),
Assay of DNA Polymerase

The assay measures the conversion of labeled
deoxyribonucleoside triphosphates into an acid insoluble
product.

The standard assay was performed on an incubation

mixture of 0.3 ml which contained the following (in
micromoles unless otherwise specified ) Tris-maleate,
20 each, adjusted to pH 8.6 with KOH, MgCl2 , 5* dTTP,
0.01, dGTP, 0.01, dCTP, 0.01, dATP*3H, 0.01 (lxlO6
dpm/0.01 micromole), activated calf thymus DNA,
0.04 (nucleotide equivalents), and enzyme fractions
(10-50 ul containing approximately 0.2-400 ug of protein).
If necessary, the enzyme fraction was diluted with
10 mM potassium phosphate buffer, pH 6 .8 ,
Incubation was at 37° for the enzyme from J5.
licheniformis and at 55® for the enzyme from £. stearot-hermophilus.

After 30 minutes of incubation, the mixture
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was chilled for 5 minutes at 0°,

Calf thymus DNA (50 ul

containing 100 ugrams) was added as carrier, followed
by 1 ml of 1 M HCIO4 . After 5 minutes at 0°, 0,5 ml of
saturated sodium pyrophosphate and 5 ml of 1% trichlor
acetic acid were added, and the precipitate was collected
by filtration with suction on a glass fiber paper(Whatman
GF/C, 2,4 cm diameter, washed twice with 3 ml portions
of saturated sodium pyrophosphate)• The precipitate
was washed eight times with 5 ml portions of cold 1%
trichloracetic acid.

The papers were dried and placed

in scintillation vials containing 10 ml of standard
scintillation fluid (100 grams naphthalene, 4 grams
PPO, and 50 mg POPOP per liter of 1,4-dioxane), and
the vials were counted in a Nuclear Chicago model Mark II
liquid scintillation counter.

The cpm were converted to

dpm using the channels ratio method and %

quenched

standards.
For time studies, larger reaction volumes were
prepared and 100 ul aliquots were removed as a function
of time.

Carrier DNA was omitted and each aliquot

was pipetted into 1 ml of ice cold 1 M HCIO4 and then
treated in the usual manner.

All additional variations

from the standard assay are indicated in the text.
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DNA Polymerase Unit
A unit of DNA polymerase activity is defined as the
amount of enzyme causing the incorporation of 10 mu
moles of total nucleotides into acid insoluble product
during a 30 minute incubation period under standard
assay conditions.
Total nucleotides incorporated were calculated from
the incorporation of dATP-^n and the base composition
of the particular DNA using the following G+C values i
43, 47, and 53%, respectively, for the DNA from calf
thymus (39), £. llchenlformis (14), and ft. gtfiarother*
mophilus (14).

Specific activity is expressed in terms

of units of polymerase per mg of protein.
Assays for Nuclease Activities
Endonuclease I and II were assayed using the method
of Linn and Lehman (40).

This assay measures the increase

in acid soluble material which had an absorbance at
260 mu.

The procedure followed was the same as described

by Linn and Lehman except that the reaction mixtures
were incubated at 37° and 55° for £, licheniformls and £.
stearothermophilus. respectively.
The incubation mixture (0.3 ml) contained 30 umoles
Tris buffer (pH 7,5), 3 umoles MgC^, 20 ug native calf
thymus DNA and 20 ul of enzyme.

After incubation at the

appropriate temperature for 30 minutes, the reaction
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mixtures were chilled on ice for 5 minutes, and 0.5 ml
of calf thymus DNA (1 mg/ml) was added as a carrier.
Cold 0,5 N perchloric acid (2 ml) was used to precipitate
the nucleic acid, and the solution was allowed to stand
at 0® for 5 minutes.

Subsequent centrifugation in a

Sorval centrifuge (Rotor M) at 4000 x g for 15 minutes
sedimented the precipitate.

The supernatant was then

pipetted off and its absorbance was read in a Zeiss
spectrophotometer at 260 mu and 280 mu.

Blanks and

controls with pancreatic DNase (which has endonuclease
activity) were run concurrently with the samples.
Exonuclease II was assayed using the method of
Lehman and Richardson (41).

The method used was identical

to the method for measurement of endonuclease activity
with the only difference being the reaction mixture.
For exonuclease II the reaction mixture contained 20
umoles glycine (pH 9,2), 2 umoles MgC^, 0.3 umoles
2-mercaptoethanol, 20 ug of native calf thymus DNA and
20 ul of enzyme.

All other steps and optical measurements were the
same as in the endonuclease assay.

Blanks and controls

with pancreatic DNase (which has exonuclease activity)
were run concurrently with the samples.
One unit of either endonuclease I and II or exo
nuclease II is defined as that amount of enzyme which
will release 300 umoles of deoxynucleotides in
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in 30 minutes under the above conditions.
Assays for RNA Polymerase
Several attempts were made to measure the DNA
dependent RNA polymerase present at various stages of
purification for DNA polymerase.
Various reaction mixtures were tried following the
procedure of Hurwitz, Furth, and Anders (42) for £. coli t
Maitra and Hurwitz (43) for £• coli W,| Zillig (44) for
£, coli« and Remold-O'Donnell and Zillig (45) for £•
stearothermophilus. These reaction mixtures were also
modified by the inclusion of varying amounts of spermidine,
0-3 mM, Mg+^ , 0-10 mM, and by using DNA from different
sources (calf thymus, £. llchenlformis and £, stearothermophilus).

Incubation was at 37° and 55° for various

times for £. licheniformis and &. BteflrPthenHQPhilUg-»
respectively.
Disc Gel Electrophoresis
Disc gel electrophoresis of Fraction Ilia and
VIII was used to assess the homogeneity of the purified DNA
polymerase.

This technique involves the prior preparation

of the polyacrylamide gel and its subsequent loading
(in 3 stages) into open ended cylindrical glass tubes
(5 mm x 38 mm).

This three stage loading produces three

distinct layers of gel (sample, stacking and separating gel)
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with different pH’s and pore sizes.

When the current is

applied, the sample proteins concentrate in a thin disc
at the interface between the stacking gel and separating
gel, in the order of their electrophoretic mobility.
When the sample crosses the interface into the separating
gel, a moving pH boundary sweeps through them and separation
begins in a linear voltage gradient.

The effect of

electrophoretic mobility is enhanced by a physical
"sieving" as the macromolecules pass through the gel
pores.

The technique is called disc electrophoresis

because the highly concentrated protein stack separates
out into thin layers that resemble a stack of flat discs
in the gel column, and also because the techniques involve
a discontinuous pH boundary during the stacking phase.
Working solutions were prepared in 25 ml flasks
using different proportions of the stock solutions
(see reagents) as followsi
Stock solution
Working
solution

A B C

Separating
gel

1

D

E

F

Water

Final volume
(ml)
6

1

Stacking
gel

1

1

1

Sample
gel

1

1

1

Rinse
solution

1

1

4

1

8

3
6

8
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Because it is imperative that these working solutions
are kept in the dark so that premature polymerization
does not occur, the flasks were covered with aluminum
foil.
The procedures for preparation of the gel and the
electrophoresis were identical to those described in
the Canalco manual except for a modification in the
relative amounts of sample gel and sample.

Sample gel

(0,3 ml) was mixed with 0,5 ml of protein solution and
this mixture was divided equally into three sample columns.
The sample columns were previously soaked in the column
coat solution for 30 minutes and then allowed to dry at
room temperature overnight.

This precoating allowed for

an easier removal of the gel from the sample columns.
A layer of water 3-4 mm deep was applied above thesample gel and the latter was then polymerized for 30
minutes by placing them 1 cm from the photopolymerizing
light source.

After polymerization was complete the inner

surface of each column was washed twice with rinse solution.
Stacking gel (0.3 ml) was added to each tube, 3-4 mm
water was layered above the gel, and the columns were
positioned 30 cm from the photopolymerizing light source.
After 15 minutes the columns were moved 1 cm from the light
source.

After 15 additional minutes the water was drained

from the columns.

Equal parts of separating gel and

freshly prepared stock solution G were combined in a
25 ml Earlenmeyer flask (foil covered) and mixed by
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gently swirling.

The inner surface of the columns was

washed twice with this mixture and then filled to the top*
adding enough excess to form a round bead on top. Each
2
column was sealed by placing a 1 cm piece of Handi-Wrap
plastic film on top forming a flat surface.

If air bubbles

formed under the plastic film, they were removedj additional
separating gel-solution G mixture was added, and the tube
was covered with a new piece of plastic film.

The columns

were placed in the dark for 30 minutes while chemical
polymerization occurred.

At the end of this time the

plastic film was removed and the columns were placed in
the upper electrophoresis bath by moistening the sample
end of the column with water and inserting it from the
underside of the upper bath.

When all the columns were

in place a few drops of buffer were placed on the sample
(upper) end of the columns.

This eliminated any turbulence

which might wash some sample from the columns when buffer
was added to the upper bath.
The upper and lower baths were then filled with
buffer (stock solution H), 500 ml and 250 ml respectively,
and 1 ml of tracking dye was added to the upper bath.
The cathode was secured to the lid of the apparatus and
hung into the upper bath while the anode rested in the
lower bath.

When the apparatus had been assembled, the

current was turned on and adjusted to 5 milliamps per
gel column.

The gels were electrophoresed for approx

imately 2 hours (until the tracking dye was within 5 mm
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from the lower edge of the column). During this time
the current must be increased slightly to maintain
30 mA throughout the electrophoresis*
If* for some reason, the current flow is interrupted
during the electrophoresis and then begun again, the
results will not be reproducible.

At the end of the

electrophoresis run, the buffers were poured off and the
gel columns were removed from the upper bath.
The gels must now be stained and the excess stain
must be removed so that the protein bands may be visualized.
The gels were removed from the column by inserting the
needle on a 10 ml syringe (filled with cold distilled
water) at the sample end of a column, between the glass
and gel, so that the needle tip reached the separating
gel.

While keeping the needle flat against the glass

surface to avoid scratching the gel, the needle was
rotated completely around the circumference of the gel.
Slight pressure was kept on the syringe plunger so that
a gentle stream of water was always present between the
gel and the glass.
The needle was then removed from the sample end
and inserted between the gel and the glass at the separating
gel end to a depth of about 1 cm.

The needle was rotated

as before, and if the column has been previously coated
with column coat, the entire gel will come free and slip
out of the column intact.
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Each gel was then placed in a small test tube,
covered with specimen stain and allowed to stand at
room temperature for 1 hour.
During this period the "destain" tubes were prepared
by adding 0,5 ml of stacking gel to the fire polished
end and placed near the polymerizing light for 30 minutes.
It was helpful to firepolish the other end of the destaining
tubes since without this additional firepolishing the
destaining tubes have a tendency to fall out of the upper
bath during the destaining procedure.
When the staining was complete each gel was washed
two times with 7% acetic acid and placed in the destain
tubes with the separating gel introduced first.

Each

destain tube was then filled with TL acetic acid and the
top was carefully wiped dry.

The holders in the upper

bath were also wiped dry and the destain tubes were
inserted in the holders from the underside of the upper
bath (sample end upward).

Acetic acid (500 ml of 7%)

was poured into the lower bath, the upper bath was
positioned, and 250 ml of 77S acetic acid was placed in the
upper bath.
The gels were destained by electrophoresis at 12,5
milliamps per gel for approximately 1.5 hours.

After

destaining, the gels can be stored in a sealed test tube
containing 7% acetic acid at 4° indefinitely.
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Nearest Neighbor Frequency Analysis
The nearest neighbor frequency analysis was deter
mined for H. licheniformis and jB. stearothermophilus DNA
at various temperatures by using DNA and DNA polymerase
isolated from these organisms and
deoxynucleoside triphosphate.

-p32 labeled

The enzymes and primer

DNA's from the two organisms were interchanged.
The basic plan was to use each DNA as a primer for
each enzyme at different temperatures.

Four reactions

were run for each experiment as followsi
Reaction
Reaction
Reaction
Reaction

1
2
3
4

dATP-tfP32, dTTP, dGTP, dCTP
dATP, dTTP-0lp32f dGTP, dCTP
dATP, dTTP, dGTP-*p32f dCTE
dATP, dTTP, dGTP, dCTP-W PJZ

In the newly synthesized DNA, the p32 will be
esterified to the 5* position on the sugar moiety of the
donor nucleotide (i.e. in Reaction 1, the P^2 is 5* to
the adenine nucleoside) and to the 3' position on the
sugar moiety of its nearest neighbor nucleoside.

It has

been demonstrated (27) that only 10% synthesis need occur
in order to obtain a reproducible nearest neighbor
frequency analysis.
The newly synthesized DNA was isolated and washed
free of unreacted deoxynucleoside triphosphates.

It was

then hydrolyzed by the consecutive action of micrococcal
DNase (46) and calf spleen phosphodiesterase (47).

These

enzymes cleave the 3'-5' phosphodiester bond so that
23
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3' deoxynucleotides are produced.

As a result, these

nucleosides which were nearest neighbor (3* to 5') to
the donor nucleoside will now carry a P^2 label (Figure 1).
By determining the P^2 content of each of the four 3'
deoxynucleotides isolated from each reaction digest,
one can calculate the frequency with which any nucleotide
is linked to another in the newly synthesized DNA,
The actual procedure used in this study was as
follows.

p32 labeled DNA was synthesized using the

standard reaction mixture described earlier, except that
the H3 labeled deoxynucleoside triphosphate was replaced
with P ^ labeled deoxynucleotide triphosphate following
the reaction scheme presented above.

Incubation was for

three hours at 37°, 45°, 55°, 65°, and 72°.
At the end of the incubation period each mixture was
chilled to 0® and 100 ug of calf thymus DNA (1 mg/ml)
and 1 ml of 1 N perchloric acid were added.

After 5

minutes at 0®, 0,5 ml saturated sodium pyrophosphate was
added along with 2 ml of cold water.

After each addition

the tubes were mixed on a vortex mixer.

The wash and

hydrolysis procedure which followed was essentially that
of Josse, Kaiser and Komberg (26).

All the work was

done at 4® unless otherwise stated.
The precipitate was collected by centrifugation
at 5000 x g for 10 minutes, dissolved in 0,3 ml of 0,2 N
NaOH and then reprecipitated with 0,4 ml of I N perchloric
acid.

Water (3,0 ml) was added and after mixing and
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Figure 1.

The synthesis of a P^2 labeled DNA chain
and its subsequent enzymatic degradation
to 3'-deoxyribonucleotides• The arrows
indicate the linkages cleaved by micrococcal DNase and calf spleen phosphodi
esterase, yielding a digest composed of
3'-deoxyribonucleotides•
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Synthesis
(by polymerase)

Degradation
(by micrococcal
D N ase and splenic
d iesterase)
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centrifugation as before, the precipitate was treated
once more in the same way.

The final precipitate was

dispersed in 0,4 ml of water, and dissolved by the
addition of 0,1 ml of 0,1 N NaOH,

This adjusted the pH

of the solution to 8,6 for the micrococcal DNase digestion,
which followed.

To each solution were added 2 umoles

of Tris buffer (pH 8 ,6 ), 1 umole CaCl2 » and 180 units
of micrococcal DNase bringing the final reaction volume
to 0,54 ml.

After incubation at 37° for two hours all

the DNA was in the form of acid soluble fragments (26),
The pH of each digest was adjusted to pH 7,0 with the
addition of 100 ul of 0,1 N HC1.

To this were added

1.4 umoles NaF, 7 umoles of potassium phosphate buffer
(pH 7,0), and 0,2 units of calf spleen phosphodiestrase
and the mixture was incubated at 37°,

The addition of

NaF and potassium phosphate was required to inhibit any
monoesterase contamination of the diesterase (28),

At

the end of 1 hour and again at the end of two hours, an
additional 0,2 units of enzyme were added.

Thus the total

incubation period was three hours and the total enzyme
added was 0,6 units.

At the end of this time digestion

was greater than 95%, as shown by experiments using
£, coli alkaline phosphatase and determining the radio
activity absorbed to Norit, with and without this enzyme.
The procedure for determining the completeness of digestion
will be discussed later.
Each digest was placed in boiling water for three
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minutes to coagulate any protein (48), and centrifuged
as before.

The supernatant was pipetted off and taken to

dryness under a fine stream of filtered air at room temp
erature.

Each residue was then dissolved in 0.05 ml of

distilled water and individually adjusted to pH 7,0 by
the addition of from 0,01 to 0.03 ml of 0,1 N NaOH,
Each preparation was then subjected to 8 hours of
descending paper chromatography on Whatman #1 using a solvent
composed of saturated ammonium sulfate (saturated at room
temperature), 1 M sodium acetate, and isopropanol
(80i18i2 v/v) (solvent l) (49).

After air drying, the four 3* deoxynucleotides were
identified under a U.V, lamp, cut out, and placed in
10 ml of the standard liquid scintillation fluid and

counted for

in the Mark I Liquid Scintillation Counter.

More than 95% efficiency was obtained when the samples
were counted for 10 minutes (G-710, L at 0.0 to O 0 ) ,
Attempts were made to separate the four 3' deoxy
nucleotides using paper electrophoresis (50) in 0.05 M
ammonium formate buffer at pH 3.5 for 2 hours at 1200
volts.

However, this method could not be used with the

high salt concentration needed to inhibit the monoesterase
contamination of the diesterase.

When electrophoresis

was carried out on a sample which did not contain the
inhibiting salts, only a long streak was obtained which
migrated toward the negative electrode.
Thin layer chromatography (TLC) on Cellex-N-1 was

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

29

tried using solvent 1.

Satisfactory resolution of the

four 3' deoxynucleotides was obtained but because of the
large number of the experiments and the quantity of carrier
DNA which must be hydrolyzed and separated, paper chroma
tography was used rather than TLC,

TLC on Cellex N-l was

also carried out in 95% ethanol, 1 M ammonium acetate (90t
30 v/v) (solvent 2) in the first dimension and solvent 1 in
the second dimension (48),

This combination was used to

distinguish between the 3 'deoxynucleotides and the deoxynucleosides and to determine the effectiveness of the
inhibitors for the contaminating monoesterase activity.
Two other chromatographic solvents were tried with
both TLC and paper chromatography (Whatman No. 1).

They

were isopropanolx HCliI^O, (65:16.7x18.3 v/v) (solvent 3)
(51) and isobutyric acid, water, concentrated ammonium
hydroxide (66x33x1 v/v) (solvent 4) (28).

Solvent 3 was

tried because it gave good separation of the 5' deoxy
nucleotides.

However, it was not used since it hydrolyzed

off the 3' phosphate.

Solvent 4, although it gave a

satisfactory separation, was not used because of the rapid
and reproducible separation obtained with solvent 1 .
The spots obtained in TLC and paper chromatography
were identified both by their Rf values and their spectra.
The Rf values agreed well with literature values when
available for the 5' deoxyribonucleoside monophosphates or
3' deoxyribonucleoside monophosphates.

For determination

of the spectra, the spots were visualized under U.V.
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light and then eluted with 2 ml of 0,01 M HC1 and shaken
on a reciprocal shaker at room temperature for 2 hours.
The solution was then centrifuged in a clinical centrifuge
for 15 minutes and the supernatant collected.

The spectra

for the eluted spots were determined over the range
220-310 mu using the Cary 14 recording spectrophotometer.
The maxima for the 3' deoxyribonucleotides were the same
as those for the 5' deoxynucleotides (52),
Phosphate determinations (37) were made on the eluted
spots and the concentration of phosphorus was compared
to the deoxynucleotide concentrations obtained from the
extinction coefficient for the 3' deoxynucleotides and
the absorbance at the maximum.

The results showed

that

there was one mole of phosphate for each mole of 3'
deoxynucleotide.

The percent recovery of nucleotides

from both paper and TLC was greater than 98%,
The percent recovery of radioactivity from the TLC
plates was determined using H^-dATP,
order to solubilize the

It was found that in

-dATP and obtain close to

100% recovery, the spot scraped from the TLC plate had
to be mixed with 0,8 ml of water in a liquid scintillation
vial, and allowed to stand at room temperature for 30
minutes (48) before the standard liquid scintillation fluid
was added.

Adding more cellulose to the vial did not

change the counts.

Likewise, when dATP-P^2 containing

spots were cut out from paper, the size of the cut-out
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spot did not affect the counts* that is additional blank
paper did not lead to any quenching.

The response of the

scintillation counter to varying amounts of P
linear, that is doubling the amount of

was

in the vial

doubled the counts.
Assay for Calf Spleen Phosphomonoesterase
During preliminary nearest neighbor frequency analyses,
it was found that almost all the product of the enzymatic
hydrolysis of the DNA was converted to the deoxynucleoside
rather than the 3'-deoxynucleotide.

For this reason,

the calf spleen phosphodiesterase obtained from Worthington
was assayed for possible monoesterase contamination
employing the method developed by Bemardi (53).
The reaction mixture (1.1 ml) containedi 1 umole
of p-nitrophenyl phosphate, disodium salt* 150 umoles
of acetate buffer (pH 5.1)j 10 umoles of EDTA, and 20
ul of calf spleen phosphodiesterase.

In some cases the

EDTA was omitted as Wu (48) has shown it to cause a slight
inhibition of monoesterase activity.
After 10 minutes of incubation at 37®, the reaction
was stopped by addition of 0,2 ml of 2 N NH4OH and the
absorption at 400 mu was measured in the Zeiss.

Appro

priate blank corrections were made and the concentration
of liberated p-nitrophenol was calculated using an
E400 of 12,000,

One unit was defined as the amount of
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enzyme that catalyzed the liberation of 1 umole of
p-nitrophenol per minute under the above conditions.
The results showed that each vial of diesterase
(15 units/vial) contained 26.8 units of monoesterase.
About 25% of this contaminating activity could be inhibited
by inclusion of EDTA in the reaction mixture.

However,

since the calf spleen phosphodiesterase (15 units/vial)
obtained from Sigma had less than 0.1 unit monoesterase
per vial this preparation was used in the nearest neighbor
frequency analysis and NaF and KH2PO4 were included to
give 100% inhibition of this contaminating enzyme.
Assay for Completeness of Digestion
The products of the complete enzymatic digestion
of DNA using microccococcal DNase followed by calf spleen
phosphodiesterase are the 3*-monodeoxynucleotides•

If,

however, the digestion was incomplete, the products will
include 3* oligodeoxynucleotides. To test for the extent
of digestion a portion of the digest was treated with
£. coll alkaline phosphatase.

After the reaction, the

remaining deoxynucleosides and deoxyoligonucleotides
(only the terminal phosphate in oligonucleotides was
removed by phosphatase) were adsorbed to Norit.

A

control portion of the digest was carried without the
phosphatase through these steps.

The radioactivity

adsorbed to Norit was measured and the percent digested
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was calculated from the following relationship.
Percent digested=100 - CPM In phosphatase treated. diRest^
CPM in control digest
The procedure followed was basically that described
by Josse and Swartz (54), except that the volume of the
aliquots was increased from 0.03 to 0.05 ml and the
incubation time was increased from 20 to 30 minutes.
Aliquots (0.05 ml) from each digest were added to
two incubation mixtures, which contained 30 umoles of
Tris buffer (pH 8.0) and 5 umoles of MgCl2 (final volume
0.300 ml).

To one of the incubation mixtures 0.01 mg

of £• coli alkaline phosphatase was added.

After a 30

minute incubation at 37®, the mixtures were chilled to
0® and the following additions were made to each tubei

2.25 ml cold water, 0.1 ml of 1 N HC1, 0.20 ml of an
aqueous Norit suspension (20% packed volume).
The tubes were mixed and allowed to stand 5 minutes
at 0®,

The Norit precipitates were collected by centri

fugation at 3000 x g for 15 minutes and washed three times
with 3 ml portions of 0.005 M potassium phosphate buffer
(pH2,0), and the final precipitate was suspended in
0.1 ml of 50% ethanol containing 0.3 ml of concentrated
ammonium hydroxide per 100 ml.

The entire suspension

was placed in the standard liquid scintillation fluid
and counted for

.

Because of quenching, the attenuation on the liquid
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scintillation counter was readjusted to measure the
CPM at over 95% efficiency (B - 710, L at 0.0 to o O )•
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RESULTS AND DISCUSSION

Purification of Enzyme
All operations, unless otherwise noted, were carried
out at 4®.

The purification procedure is a composite of

procedures reported by Littman (20) and Okazaki and
Kornberg (19) with some modification.

The purification

procedure is summarized in Table I using the results of
typical preparations.
Preparation n£ CTUdfi extract
The cells (20-100 g wet weight ) were thawed and
suspended in buffer (30 ml/10 g of cells) consisting
of 0.05 M glycylglycine (pH 7.0), 0.02 M EDTA and 0,002 M
glutathione.

The suspension was disrupted in a French

Press (Aminco model 5-596) at 18,000 psi (17).

Cell

debris was removed by one centrifugation at 30,000 x g
for 30 minutes and the supernatant fluid was collected
to give Fraction I •

Phase partition
Nucleic acids were removed by adding 11.5 ml of
20% (w/w) Dextran-500 and 32.2 ml of 30% (w/w) poly
ethylene glycol (Carbowax-6000) for every 100 ml of
Fraction I.

It is critical that the final concentration
35
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of Dextran-500 and polyethylene glycol will be 1.6 and
6.4 (by weight), respectively.

Solid NaCl (33.7 g) was

added gradually and the mixture was stirred for 2 hours,
at 4®.

Centrifugation at 500 x g for 10 minutes separated

the mixture into two distinct phases.

The upper phase

(polyethylene glycol and protein) was gently poured off
to give Fraction II and the lower phase (Dextran and
nucleic acids) was discarded.

If desired, the DNA can

be recovered from this fraction by the procedure described
previously (14).

Fraction II was dialyzed overnight

against buffer consisting of 0.3 M potassium phosphate
(pH 7,4), 0.002 M EDTA, and 0,01 M 2-mercaptoethanol
using 5.7 liters of buffer for every 100 ml of Fraction II.
The dialyzed solution was clear but colored and was
designated as Fraction III.

In some experiments, Fraction III

was diluted and applied directly to the DNA-cellulose
column.

The peak fraction obtained from the DNA-cellulose

column under these conditions is referred to as Fraction Ilia,

Ammonium aulffrtfi fractionations
Solid (NH4 )2S04 (10 g/100 ml of Fraction III) was
added slowly to Fraction III and the mixture was stirred
for 15 minutes.

Centrifugation at 10,000 x g for 30

minutes yielded two layers, an upper one containing
polyethylene glycol, and a lower one containing the enzyme.
The lower layer was removed by gentle suction to give
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Fraction IV,

The fractionation was repeated by adding

solid (NH^^SO^ (10 g/100 ml of Fraction IV) to Fraction IV,
stirring, centrifuging, and recovering the lower layer
(Fraction V) as before.

This two step removal was required

since the polyethylene glycol interfered with the fol
lowing fractionation steps*
Solid (NH^^SO^ was next added to Fraction V
(10 g/100 ml of Fraction V) and the mixture stirred
and centrifuged as before.

The supernatant liquid

(Fraction VI) was collected and the pellet was discarded.
Fraction VI was then fractionated with (NH^^SO^ by
adding 12,5 g of solid (NH^^SO^ for every 100 ml of
Fraction VI,

After stirring and centrifuging as before,

the clear supernatant liquid was discarded and the pellet
was dissolved in buffer A (12 ml/lOOml of Fraction VI)
to give Fraction VII, Buffer A was made up in sterile
water and consisted of 0,01 M potassium phosphate
(pH 6 ,8 ), 0,1 M M g C ^ and 20% (v/v) glycerol.

This

fraction could be stored at -20° for at least four months
without noticeable loss of activity,
DNA-cellulose chromatography
The procedure was carried out at room temperature
but the column was stored at 4° between experiments,
DNA-cellulose (1 g) was suspended in 30 ml of buffer A,
poured into column (1 cm diameter) to a height of about

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

38

5 cm and washed with 50 ml of buffer A.

Two such columns,

one for each of the bacterial enzyme preparations, were
prepared from the same batch of DNA-cellulose.

To 3 ml

of Fraction VII were added 3 ml of buffer A and 5 ul of
DNase solution (5 ug) and the mixture was allowed to
pass into the DNA-cellulose,

The flow was shut off when

the sample had been adsorbed and the sample left to
equilibrate with the DNA-cellulose for 15 minutes.

Flow

was then resumed and the column was eluted stepwise with
25 ml portions respectively of buffer, buffer A without
M g C ^ but containing 0,4 M NaCl, and buffer A without
MgCl2 but containing 0,7 M NaCl,

Fractions of 4 ml were

collected and the bulk of the enzyme was eluted with the
first two fractions of the 0.7 M NaCl buffer (i.e, after
the void volume, approximately 4 ml of the 0,4 M NaCl
buffer), These two fractions were pooled and designated
as Fraction VIII,

This fraction was stored at -20° and

lost about 50% of its activity within one month.
The isolation procedure was reproducible with
different batches of DNA-cellulose and with different
enzyme preparations.

Typical elution profiles for enzyme

preparations from &• licheniformis and B. gtgarptfrermggllilufi.
are shown in Figure 2,

More than 98% of the applied

protein and polymerase activity was recovered from the
column.

The major peak (tubes 12-14) amounted to about

75% of the applied polymerase activity.

Fraction VIII

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

represents approximately a 2000 -fold purification of the
enzyme (Table I).

When Fraction Ilia was used, the

purification achieved was about 500-fold,
DNA polymerase will not bind to the column if the
salt concentration of the enzyme preparation added is
either too low or too high.
follows.

This was demonstrated as

The (NH^^SO^ carried over into Fraction VII

was removed by passing 10 ml of Fraction VII through a
G-25 Sephadex column (2,5 x 25 cm), previously equil
ibrated with buffer A,
enzyme preparation from

Typical elution profiles for the
licheniformis and fi. stearo-

thermophllus are shown in Figure 3,

The enzyme prepared

in this fashion did not bind to the DNA-cellulose column
unless the salt concentration was first adjusted to
0,05 M NaCl by the addition of solid NaCl,

On the other

hand, if the concentration of (NH^^SO^ (carried over into
Fraction VII) was not properly lowered by dilution
of Fraction VII with buffer A prior to the column chrom
atography, the enzyme was also not adequately bound to the
column.

Depending on the extent of dilution anywhere from

10 to 80% of the enzyme could be bound to the column

and recovered as Fraction VIII,

Thus, for optimal binding

the applied enzyme solution required a salt concentration
of about 0,05 - 0,10 M in either NaCl or (NH^^SO,^,
The DNA which is bound to the cellulose is available
not only for binding of the DNA polymerase but also for
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serving as an effective primer in the polymerase reaction.
This was shown by using Fraction VIII from £, licheniformis
in a standard assay in which the activated calf thymus DNA
(40 mumoles) was replaced with 1 mg of dry DNA-cellulose
(approximately 30 mumoles of DNA).

Under these conditions,

the incorporation of dATP-^H with the DNA-cellulose was
equal to three-quarters of that obtained with the free
DNA (Table II).
The DNA cellulose column can be regenerated by
washing it with 50 ml of buffer A and can be used sub
sequently without the addition of DNase to the diluted
Fraction VII.

However, DNase must be added when a freshly

prepared column is used for the first time, since other
wise the yield of Fraction VIII is decreased to less than
10%.

On the other hand, continued addition of DNase to

the column (by mixing it with Fraction VII) will lead to
a gradual degradation of the DNA and ultimately to a
removal of the DNA from the column.
Properties of Enzyme

Nuclease activity
Crude and purified DNA polymerase fractions were
assayed for nuclease activity as summarized in Table III.
Both endonuclease and exonuclease activities were high
in the crude extract but could not be detected in those
fractions which had been purified by DNA-cellulose
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Table I • Purification of DNA Polymerase''
Yieli

(mg/ml)

Specific
Activity
(units/mg)

632

37.5

0.23

100

III Phase partition

641

7.8

0.60

102

VII (NH4 )2S04 frac
tionation
VIII DNA-cellulose
chromatography

325

15.9

1.78

52

Total
Activity
(units)

Protein

I Crude extract

Fraction
and Step

m

B. licheniformis

260

0.03

377.0

41

£• ste^ratkermophilus
I Crude extract

663

42.3

0.20

100

III Phase partition

852

9.4

0.64

128

VII (NH4 )2S04 frac
tionation
VIII DNA-cellulose
chromatography

468

20.2

1.97

71

376

0.04

424,0

* Calf thymus DNA was activated with 0.1 ug of DNase

57

42

Table II. DNA-cellulose as a Primer in the DNA Polymerase*
Reaction
System

DPM/hour

Complete

42,652

- activated calf thymus DNA
+ 1 mg dry DNA-cellulose

35,167

-activated calf thymus DNA

222

- DNA Polymerase
- activated calf thymus DNA
+ 1 mg dry DNA-cellulose

201

-DNA Polymerase

239

£. licheniformis DNA polymerase Fraction VIII
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Table III.

Nuclease Activity in DNA Polymerase Fractions

Fraction

Total Units
Polymerase

Endonuclease*

Exonuclease''

I

632

2083

1573

III

641

104

74

VIII

260

5

5

I

663

2372

3151

III

852

165

152

VIII

376

6

6

llchenlformls

£• stearothermophilus

*The assays measure the activities of endonuclease I
and II, and of exonuclease II.
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Figure 2.

Chromatography of DNA polymerase on DNA
cellulose.
(a)

lioheniformis i (b) £• stegrotfaermopiillufi•

Fraction VII was applied to the column and tubes
12 and 13 were pooled to give Fraction VIII.
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Figure 3.

Desalting of £. lichenlformls (0— 0 )
and ft. atearothermophllus (Ard) fraction
VII on Sephadex G-25,

Arbitrary units for

(NH^^SO^ (X-- — X) are based on observation
of turbidity, when 100 ul of each fraction
was added to 5 ml of 1 N BaC^.

Recovery

of both activity and protein was greater
than 99%,
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chromatography (Fractions Ilia and VIII).

This was the

case even if the (NH^^SO^ fractionations had been
omitted (Fraction Ilia).
The results of the nuclease assays were further
supported by measurements of polymerase activity in
the absence and presence of 2-mercaptoethanol (Figure 4).
Addition of 2-mercaptoethanol to Fraction I led to
approximately 50% increase in polymerase activity for both
strains, while addition of 2-mercaptoethanol to Fraction III
did not affect the polymerase activity.

It has been

suggested that DNA polymerase activity requires either
the action of a nuclease or the existence of nicks in the
DNA primer (54).

Furthermore, 2-mercaptoethanol has been

shown to stabilize nucleases (41).

It is understandable,

therefore, that Fraction I, which was high in nuclease
activity (Table III), showed an increase in polymerase
activity upon the addition of 2-mercaptoethanol* Fraction III
on the other hand, would not be expected to be affected
by added 2-mercaptoethanol for two reasons.

One of these

is the fact that at that point in the purification about
95% of the nuclease activity had been removed (Table III).
The other reason is the fact that Fraction III already
contained 10 mM 2-mercaptoethanol so that the slight
increase in the concentration of 2 -mercaptoethanol should
be negligible.
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Figure 4.

Effect of 2-mercaptoethanol on nucleotide
incorporation.
Standard assay (increased to 0.6 ml) plus
a 1 mM final concentration of 2-mercapto
ethanol (closed symbols)} controls, with
out 2-mercaptoethanol (open symbols).

The

amount of enzyme (mg) is given in parentheses.
The ordinate refers to polymerization per 0.3
ml of incubation mixture.
(a) £. licheniformist

Fraction I (0,8), ( A - A )

(A—1
A )» Fraction III (0,14), (•—•), (0— 0).
(b) fc. stearothermophilust Fraction I (0,63),
(A— A ) , ( Ar-A ) i Fraction H I (0o30). (•— • ) ,
(O— O),
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BL& polymerase
Though several reaction mixtures were used to measure
RNA polymerase at no time did incubation result in any
significant acid insoluble incorporation.

The CPM from

the incubated reaction mixtures were the same as the CPM
in the blank reaction mixtures (i.e., those to which
1 N perchloric acid was added without incubation).
It has been suggested (55) that the ethanol used to
stabilize the %-ATP inhibits the RNA polymerase reaction
at a concentration of ethanol as low as 1%.

In our

reaction mixtures the final percent of ethanol was between
1% and 5% which could account for our inability to measure

any RNA polymerase activity.
Even though we were unable to obtain a satisfactory
assay for RNA polymerase we feel confident that this
enzyme is not a contaminant of Fraction VIII,

While

RNA polymerase can bind to a DNA-cellulose column (56,57)
it should have been removed from Fraction VII prior to
its application to the DNA-cellulose column.

This is

the case since many authors have shown that RNA polymerase
is precipitated before 50% saturation is reached (42-45),
This precipitate is discarded in our procedure and only
the precipitate formed between 50 to 73% saturation is
collected.

This precipitate contains the bulk of the

DNA polymerase activity (Fraction VII),

Therefore,

our Fraction Ilia does contain RNA polymerase but the
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purified DNA polymerase (Fraction VIII) should not contain
any significant amounts of RNA polymerase.
Homogeneity
Since the enzyme could be purified approximately
500 fold by omission of the (NH^^SO^ fractionations
(Fraction Ilia), it was of interest to compare the
homogeneity of this fraction with that of the most purified
one (Fraction VI]I),

This was done by subjecting these

fractions, after concentration by ultrafiltration, to
disc gel electrophoresis.
Figure 5.

The results are shown in

It is apparent that the (NH^^SO^ fraction

ations achieved a considerable purification and converted
a preparation that showed 5 components (Fraction Ilia) to
one that appeared homogeneous in disc gel electrophoresis
(Fraction VIII),

The patterns for the mesophile and the

thermophile were similar at comparable levels of purifi
cation.
Requirements £&£ reaction
Table IV shows the basic requirements for the reaction
involving purified DNA polymerase.

There was essentially

no incorporation of dATP-^H in the absence of either a
nucleoside triphosphate, Mg+^ f enzyme, or DNA primer.
The polymerase activity of Fraction VIII was not affected
by the addition of 2 -mercaptoethanol, since this fraction
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Figure 5 ,

Disc gel electrophoresis of DNA polymerase,
B.llchenlformis

j£. stearothermoDhllus

Fraction Ilia

Fraction Ilia

Fraction VIII

Fraction VIII
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Table IV,

Requirements for DNA Polymerase Reaction"

Incubation
Mixture

Incorporation
(pmoles dATP-3H)
£. lichenlformis

1 . stearothermophilus

Complete system

151

155

+ 2 -mereaptoethanol

150

153

- Mg+2

2

2

- dCTP

3

5

- dGTF

2

4

- dTTP

3

3

- enzyme

3

4

- DNA

2

2

*Standard assay with 0.16 ug B. stearothemophilus or
0.21 ug B. licheniformis DNA polymerase Fraction
VIII
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contained no detectable nuclease activity (see Table III
and Figure 4).

The dependence of polymerase activity

on the Mg+2 concentration is shown in Figure 6,

The Mg+2

concentration required for maximum activity was much
higher in the thermophilic than in the mesophilic system.
The incorporation was proportional to the amount of
enzyme up to about 0.8 ug enzyme per incubation mixture
(Figure 7).

The deviation from linearity at higher enzyme

concentrations can be attributed to the increase in NaCl
concentration resulting from the added enzyme solution.
Thus, when 50 ul of enzyme were added to the standard
incubation mixture (0,3 ml), the final NaCl concentration
was 0.12 M and this concentration has been shown by
Litman (20) to be inhibitory for DNA polymerase.

Nucleo

tide incorporation was also proportional to the amount
of DNA primer added (Figure 8 ) up to about 45 mumoles
of DNA (nucleotide equivalents) added.

Under these con

ditions the incorporation amounted to about 10% of the
primer DNA,

This value can be increased by treating

the DNA more extensively with DNase (see below).

The

apparent Michaelis constants (DNA concentration at half
the maximal velocity) were

7x10"^

m for the mesophile

and 9x10"5 for the thermophile, respectively.

These values

are similar in magnitude to the apparent Michaelis constant
of 4xl0"5 for DNA polymerase of M» luteus (20),

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 6 . Effect of Mg+^ on polymerase activity.
Standard assay with 0.4 ug of enzyme
(Fraction VIII).
( O— O ) &. Hcheniformis
(£r-A)

ateflrpthsroiQPhllug
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Figure 7. Dependence of incorporation ori enzyme
concentration.
Standard assay using Fraction VIII,

37°, (•— • ) 55°.
(A— ^ ) 37° , 0 ““* )

fi. licheniformisi (0—0 )
fc. atearothermophilus»

55° •
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Figure 8 .

Dependence of incorporation on DNA concentration.
Standard assay with 0.4 ug of enzyme (Fraction
VIII), and activated homologous DNA,
B. licheniformis

(o— o)

£. atearothermophnus (4— &)
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pH dependence
In Tris-maleate-KOH and glycine buffers, optimal
activities for both the mesophilic and the thermophilic
enzyme were at pH 8,6 and 9,0, respectively (Figure 9),
This compares well with optimum pH values of 8,2 and 9,0
for the enzyme from

subtills (19),

In Tris-HCl buffer

the mesophilic enzyme had optimal activity at pH 8,2,
This agrees with the value of 8,1 reported for the enzyme
from another mesophile, £. subtllls (19),

Optimal

activity for the thermophilic enzyme was at pH 8,8 with
the same buffer,

Tempera.tur.fi dependence
The time course of incorporation at different
temperatures is shown in Figure 10,

In most cases, the

reaction had not leveled off even after six hours.

The

polymerase from the thermophile was much more heat stable
than the enzyme from the mesophile as is indicated by the
incorporation at the higher temperatures.

Similar findings

have been reported for many other enzymes from such
thermophiles (3-12),

In the case of £. stearothermophilus.

some decrease in incorporation as a function of time can
be noticed at 72 and 80®•

This may be due to the breaking

of hydrogen bonds between the primer and the newly syn
thesized single stranded segments of DNA,

Since any

ligase present in the enzyme fraction would be inactive
under the standard assay conditions (58), the newly
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Figure 9,

Effect of pH on polymerase activity.
Standard assay with 0,4 ug of enzyme Fraction
VIII.

The pH of each buffer (0,05 M) was

determined at room temperature.
(a) &. licheniformist (b) £. stearothermaphilufi.
( © — O ) Tris-maleate-KOH t ( D - Q ) Tris-HClj
(

) Glycine-KOH,
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Figure 10.

Time course of incorporation at different
temperatures *
Standard assay (increased to 0.9 ml) with
0.12 ug of enzyme (Fraction VIII) and
activated homologous DNA.

All data are cor

rected for zero time controls and the ordinate
refers to polymerization per 0.3 ml of incubation
mixture•
(a) £.. lichenlformist (b)

b

. stgarpibgrmopbilug
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Figure 11. Optimum temperature of DNA polymerase.
A plot of the Incorporation values after
2 hours of incubation (from Figure 10).
(a)

llcheniformls i (b) &. gtegrotherfflPPhilUB«

(O— O)

{A— a)
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synthesized short segments of DNA can not be joined to
form longer segments.

As the hydrogen bonds holding

these segments to the primer DNA are broken, the segments
are released as acid soluble ii.aterial with a resultant
decrease in the observed incorporation.

Such a decrease

in incorporation is only observed at high temperatures
since it is only there that DNA denaturation becomes
significant (14).
The incorporation at the different temperatures for
two hours of incubation is shown in Figure 11.

The

optimum temperature for the thermophilic enzyme was at
65° and that for the mesophilic enzyme was at 45°.
Similar differences in optimal temperatures for enzymes
from mesophiles and thermophiles have been reported
previously (3-12),

These optima (Figure 11) are close

to the respective maximum growth temperatures of the two
organisms (14).

The possibility that these differences

in incorporation as a function of temperature were due
to denaturation of the DNA can be ruled out since we have
shown previously that these DNA's have both high melting
out temperatures and are essentially fully native up to
about 80°,

Furthermore, calf thymus DNA (a type of

mesophilic DNA) served as a very good primer at 55° in the
thermophilic system (see below).
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Effect c£ different primera
The incorporation was studied in the presence of
native, activated and heat denatured preparations of
both homologous and calf thymus DNA.
given in Figure 12.
from these data.

The results are

Two general conclusions can be drawn

The first is that activated DNA was the

best primer, followed by native DNA and heat denatured
DNA in this order.

This holds for both enzyme preparations

and for both the homologous and the calf thymus DNA.
These results substantiate the concept that DNA polymerase
works best either in the presence, or following the action,
of a nuclease (19).

The results further show that best

activity is obtained with preparations containing DNA,
the conformation of which has not been altered too
drastically.

The second conclusion is that at the early

stages of the reaction, the calf thymus DNA and the
homologous DNA were very comparable in their priming
activity.

At later times, however, the reaction leveled

off more rapidly when homologous DNA, rather than calf
thymus DNA, was used as a primer.

This may be due to

differences in the extent of degradation and the number of
nicks between the calf thymus DNA, which was a commercial
product, and the homologous DNA isolated in our laboratory.
The dependence of the reaction on the extent of
DNA degradation is clearly evident from an experiment
where varying amounts of DNase were added to the incubation
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Figure 12. Effectiveness of different DNA primers for
nucleotide incorporation.
All data are corrected for zero time controls
(0.01 mumoles or less) and the standard assay
(increased to 0,6 ml) was used with 0,8 ug
of enzyme (Fraction VIII) , The ordinate refers
to polymerization per 0,3 ml of incubation
mixture.

The following DNA primers (prepared

as described under Methods) were usedi (•— O )
activated homologous DNA j (

)

native

homologous DNA j (O-CJ ) heat denatured homo
logous DNA| (#■ # ) activated calf thymus DNAj
( ^ — A )native calf thymus DNAj ( 9 - f ) heat
denatured calf thymus DNA,
(a)

licheniformis« (b) £. atfiarothennQphilus.
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Figure 13. Effect of DNase on polymerase activity.
Standard assay with 0,56 ug of enzyme Fraction
VIII,

Native calf thymus DNA was used throughout,

(a) £, licheniformis»

(o— o)

(b)

stearothsrniQptiilua

a)
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mixture (Figure 13).

With optimal DNase concentrations

the incorporation was increased by a factor of 10 for the
thermophile and by a factor of 20 for the mesophile when
compared to the incorporation with native DNA,

At very

high concentrations of DNase, the efficiency of the primer
is, of course, decreased as the hydrolysis of the DNA
becomes pronounced.

The maximum incorporation in Figure 13

corresponded to a synthesis of about 30% of the calf
thymus primer DNA,

The maximum synthesis in the presence

of the two bacterial DNA primers was likewise about 30%
(Figure 12).

These values are in agreement with the 25%

synthesis value reported recently for the DNA polymerase
from £. coli (54),

The absolute amount of synthesis

found in the present study ranged from about 3 to 30%
for the various experiments.

The amount of synthesis de

pended on the factors discussed above as well as on the
age of Fraction VIII •
Nearest Neighbor Frequency Analysis

Calculation c£ relative
nucleosides

frequencies qL

nearest neighbor

In principle it should be possible to determine the
amounts of labeled 3 'deoxynucleotides from the observed
counts and the specific radioactivity of the substrates.
However, slight experimental errors in setting up the
incubation mixtures and in the isolation of the synthesized
DNA, may affect the accuracy of this method.

Accordingly,
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relative frequencies were determined as discussed below.
The P 32 content of each of the four 3'deoxynucleotides
isolated from a given reaction digest was converted to
its fraction of the total counts.

These fractional values

in a given reaction are not dependent upon the particular
synthetic conditions in that reaction, and identical
fractional values should be obtained with varying amounts of
substrates, enzyme, and incubation time (59).

However,

the relative amounts of each of the four deoxynucleotides
incorporated into the synthesized DNA will vary, depending
upon the base composition of the primer (59),

It is therefore

necessary to multiply each fractional value by a baseincorporation factor (i.e. the molar proportion of a base
in the primer DNA),

Thus, when dATP-P32 is used as a

substrate, the four fractional values for the isolated
3'deoxynucleotides are multiplied by the percent of A in
the DNA primer.

The values thus obtained express the

relative frequency with which a particular deoxynucleotide
is incorporated into the synthesized DNA,

All experiments

were performed in duplicate and in most cases the average
deviation was less than 5%*

Extent n£ replication
In an attempt to obtain maximum synthesis, the
primer DNA was activated using pancreatic DNase.
Swartz, Trautner, and Komberg (27) have demonstrated
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Table Va,

Nearest Neighbor Frequency Analysis
of £jl licheni forml s DNA
Temperature
37a

45a

55a

55b

65b

72b

ApA-TpT

0.085

0.093

0.091

0.092

0.087

0.077

CpA-TpG

0.057

0,060

0,063

0.091

0,079

0.067

GpA-TpC

0.063

0.059

0.065

0.058

0,058

0.053

CpT-ApG

0.088

0.067

0.056

0.051

0.049

0.058

GpT-ApC

0.035

0.045

0.038

0.042

0.048

0.061

GpG-CpC

0.062

0.048

0.042

0.062

0.050

0.056

TpA

0.085

0.073

0.079

0.078

0.069

0.071

ApT

0.044

0.076

0.048

0.012

0.059

0.053

CpG

0.030

0.039

0.052

0.057

0.047

0.065

GpC

0.077

0.072

0.045

0.073

0,061

0,073

Sequence

ab-

licheniformis DNA polymerase Fraction VIII
stearothermophilus DNA polymerase Fraction VIII
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Table Vb,

Nearest Neighbor Frequency Analysis
of &. stearothermophilus DNA
Temperature
37a

45a

55a

55b

65b

CM

ApA-TpT

0.082

0.078

0.079

0.089

0.059

0.034

CpA-TpA

0.086

0.084

0,080

0.090

0.085

0.082

GpA-TpC

0.062

0.075

0.060

0.065

0.059

0.052

CpT-ApG

0.033

0.037

0.050

0.048

0.047

0.048

GpT-ApC

0.034

0.041

0.049

0.026

0.040

0.063

GpG-CpC

0.062

0.067

0.070

0.063

0.065

0.068

TpA

0.056

0.067

0,063

0.062

0.088

0.087

ApT

0,034

0.056

0.051

0.009

0.025

0.083

CpG

0,078

0.067

0.054

0.068

0.071

0.075

GpC

0.080

0.057

0.067

0.102

0.098

0.096

Sequence

ab-

licheniformis DNA polymerase Fraction VIII
stearothermophilus DNA polymerase Fraction VIII
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Table VI.

Extent of Replication
Temperature

Enzyme
B. licheniformis

B. stearothermonhlliia

% Replication*

37

a
30.0

b
32.2

45

38.2

34.1

55

10.5

9.5

55

28.7

17.8

65

29.6

23.9

72

9.5

7.9

*

a-

£. licheniformis DNA

br i. gteftrothermophUua DNA
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that this treatment of calf thymus DNA with DNase did not
significantly alter the relative nearest neighbor fre
quency.

Similarly these authors have shown that the

extent of replication need only be a 10% increase over
the initial primer added to obtain a representative
nearest neighbor frequency.

However, if the increase

over primer is less than 100%, the average value for each
set of two complementary dinucleotide sequences must be
used rather than that for the individual dinucleotides.
For this reason, the average values for each set of two
complementary dinucleotide sequences are given in Table V,
The extent of replication is shown in Table VI.
It can be seen that in almost every case the percent of
replication is greater than 10%, and that maximal rep
lication occurred at 45° and 65° with the B, licheniformis
and £. stearothermophilus enzymes, respectively, agreeing
well with Figure 11.

Trends in nearest neighbor

frequency analysis

The nearest neighbor dinucleotide sequences obtained
for £. licheniformis and £• stearothermophilus DNA are
given in Table V,

The most striking observation is that

a different nearest neighbor frequency analysis was
obtained for each DNA, depending upon the temperature of
incubation.

However, for over half of the sequences there

is a very good correlation between the nearest neighbor
frequency analysis obtained at 45® with the £, licheniformis
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enzyme and that obtained at 65° with the S., stearothermophilus

enzyme.

This holds for both DNA's.

Since

these two temperatures are the optima for the in vitro
reaction (see Figure 11) it is significant that at these
optima, both enzymes transcribe a specific DNA identically
and presumably with maximum fidelity.
The trends for

licheniformis DNA and

Blearer

thermophilus DNA using the £. licheniformis enzyme between
37° and 55° are fairly similar.

However, in four of the

sequences, CpA-TpG, CpT-ApG, GpG-CpC and CpG, the trends
reversed over this temperature range for the two DNA's.
When the

stearothermophilus enzyme was used over the

temperature range of 55° to 72° with the above two DNA's
the trends are again similar except for the two sequences,
CpT-ApG, GpG-CpC, and TpA,

It is very interesting to

note that both enzymes misread the same two pairs of
nearest neighbor sequences with reverse trends.

It should

also be noted that these trends are more pronounced at
the higher temperatures (using fi. stearothermophilus
enzyme) than they are at the lower temperatures (using
£. licheniformis enzvme).

This is true for both DNA*s.

If the complementary ApA-TpT nearest neighbor
sequence is compared to the GpG-CpC sequence for both
enzymes and both DNA's, it can be seen that there is a
greater variation, as the incubation temperature is in
creased, for the ApA-TpT sequence.

There are two hydrogen
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bonds between the bases A and T while there are three
such bonds between the bases G and C.

Hence it might be

expected that as the temperature is increased, more
A-T pairs will be broken first and hence errors in their
transcription will be more pronounced than in the case
of the G-C sequence.

The data seem to bear this out.

nf Xhs. a<?are£t neighbor frequency analysis,
far £. licheniformis and £. s.te^rothermophilus M L

Comparison

It has been previously shown that the G plus C
content of £. stearothermophilus DNA is significantly
greater than that for the B. licheniformis DNA (14).
Nearest neighbor frequency analysis can give some
insight into the nature of the dinucleotides in DNA, As
stated earlier, there is close agreement for the analysis
of a particular DNA when both enzymes are used at their
optimum temperatures.

On this basis, the average values

for each DNA at their optima were compared.
While the sequences CpA-TpG, GpG-CpC, CpG, and GpC
are at least 15% higher in the thermophilic DNA'sthan
in the mesophilic DNA, the sequences ApA-TpT,
CpT-ApG and ApT are at least 15% higher in the mesophilic
DNA, and the remaining sequences are about the same for
both.

The mesophilic DNA has higher amounts of the two

sequences in which both bases are paired by two
hydrogen bonds and the thermophilic DNA has higher amounts
of the three sequences in which both bases are paired
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by three hydrogen bonds.

This would seem to indicate

that not only is the temperature stability (tm) of the
thermophilic DNA a direct function of its base composition,
but also that there are
rich in G and

C.

sections of its DNA which are

These two factors could account for a

more stable DNA at higher temperatures, a fact already
noted (14).

XhS. method

Limitation

The method used to study the nearest neighbor base
sequences has several limitations.

First, it cannot

yield information on sequences longer than dinucleotides
as the complete degradation of the synthesized DNA to its
3* deoxynucleotides destroys any possibility for probing
of longer sequences.

Second, it cannot distinguish

sequences

involving theminor bases.

work (14)

has

However, previous

shown that these are not present in the

DNA used in this study in any measureable amount.

Third,

the limitations in accuracy of these analyses should be
pointed out.

An analytical error of as little as 1% in

this method, would permit a relatively large number of
errors to be made in transcribing the DNA molecule without
being detected.

Since the DNA used in this study contains

approximately 3x10^ nucleotides/mole (14), this would mean
that any erroneous transcription would have to affect
more than thirty sequences to be detected.

Since, in
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our worki we did obtain different nearest neighbor
frequencies at different temperatures, this indicated
that very significant misreading had occurred.
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SUMMARY
DNA polymerase has been isolated by the same procedure
from the mesophile ft, licheniformls and the thermophile
ft. stearothermophilus. A purification of about 2000
fold was achieved for the enzyme from both organisms.
The purified enzymes were homogeneous in disc electro
phoresis, had no detectable nuclease activity and had
the same requirements for the reaction involving the
conversion of dATP"

into acid insoluble product.

The

apparent Michaelis constants for DNA in this reaction
were

8 x 1 0 “^

and 9x10"^ M for the enzyme from ft. lichen-

iformis and ft. stearothermophilua. respectively.

The

enzymes had similar pH optima but differed sharply in
their temperature optima.

With an incubation of two

hours, the temperature optimum for the mesophile was
45° and that for the thermophile was 65°,

These optima

can be correlated with the maximum growth temperatures
of the organisms.

Both homologous and calf thymus DNA

could serve as primers in the reaction.

In each case,

activated DNA (DNase treated) was the best primer,
followed by native DNA and heat denatured DNA, in this order.
The effectiveness of the activated DNA depended on the
extent of treatment with DNase,
The nearest neighbor base frequency was determined
for the DNA isolated from both bacteria over a range
of temperatures from 37° to 72°.

The ft. licheniformis

90
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

enzyme was used for incubations at 37®, 45° , and 55° and
the £. stearothermophilus enzyme was used for incubations
at 55° , 65° , and 72° •

The nearest neighbor frequency

analysis for each DNA varied, depending upon the temp
erature of incubation*

At their optimum temperatures,

both enzymes gave a similar nearest neighbor frequency
analysis for a given DNA j however, the sequences obtained
for each DNA were significantly different*

It was also '

shown that when misreading occurred the ApA-TpT sequence
was misread more than the GpG,-CpC sequence*
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